Meyerhof (1919) first showed that yeast could oxidize lactic acid in the absence of any added coenzyme. Bernheim (1928) later extracted acetone-dried baker's yeast with a phosphate buffer and, after dialysis, obtained a turbid solution which reduced methylene blue in the presence of lactate, glycolate and o-hydroxybutyrate. No added coenzyme was required. Reduction of both methylene blue and heart-muscle cytochrome c by a preparation from plasmolysed Delft yeast in the presence of lactate was shown by Ogston & Green (1935) . Boyland & Boyland (1934) and Adler & Michaelis (1935) both showed that there was no activation of the yeast enzyme by added diphosphopyridine nucleotide or triphosphopyridine nucleotide.
Dixon and co-workers (Dixon & Zerfas, 1939; Bach, Dixon & Zerfas, 1942) extensively purified the enzyme from autolysates of air-dried baker's yeast. Added methylene blue and heart-muscle cytochrome c, and yeast cytochrome c present in the extract, were reduced with lactate as substrate.
The rate of enzymic reduction of methylene blue was proportional to the concentration of a new protein haemochromogen which these workers called cytochrome b2 (Bach, Dixon & Keilin, 1942) . Bach, Dixon & Zerfas (1946) therefore concluded that 'cytochrome b2 forms an essential part of the enzyme system, either as the dehydrogenase itself or as an essential intermediate carrier between lactate and methylene blue'. This paper describes the purification and crystallization of yeast lactic dehydrogenase. This work, together with unpublished studies of the enzymic, chemical and physical properties of the enzyme, was carried out to determine the relationship between the dehydrogenase activity and cytochrome b2. The results were described at the meetings of the Australian and New Zealand Association for the Advancement of Science in Canberra, 1953, and in Melbourne, 1955 , and preliminary accounts have been published (Appleby & Morton, 1954; Morton, 1955a) . MATERIALS DL-Lactate. A.R.-grade DL-lactic acid (British Drug Houses Ltd.) was diluted to 25 % (w/v), the lactone hydrolysed by refluxing for 4 hr. and then adjusted to the required pH with 8-2N-NaOH and diluted to 2M-concentration.
Organic solvents. Technical-grade solvents (Colonial Sugar Refining Co. Ltd.) were purified by distillation at atmospheric pressure, in each case collecting the fraction boiling at the temperature indicated: ethanol [undenatured, 95% (v/v) after refluxing over KOH], 760; acetone (over K2CO3), 560; (115) (116) (117) (118) Cytochrome c. This was prepared from either horse heart or ox heart according to Keilin & Hartree (1952) , except that the (NH4)2SO4 was finally removed by exhaustive dialysis against 0-15% NaCl. A copious brown precipitate so obtained (see Henderson & Rawlinson, 1956 ) was removed by centrifuging.
Calcium phosphate gel. This was prepared as described by Keilin & Hartree (1938) Reduction of potassium ferricyanide. This was measured spectrophotometrically at 420 m,u and at 20°by a similar procedure to that used for studies with cytochrome c. At 420 mp, e for potassium ferricyanide was found to be 1-04 x 103, whereas potassium ferrocyanide had negligible absorption. The reaction mixture (3 ml.) contained 0-03M sodium pyrophosphate-HCl buffer, pH 8-0, 0-33M-DLsodium lactate, 0-83 mM-potassium ferricyanide, mM-EDTA, pH 8-0, and enzyme. In the initial studies of enzyme purification the reaction mixture (3 ml.) contained the following: 0-03M-sodium pyrophosphate-acetic acid buffer, pH 8-5, 0-33M-DL-sodium lactate, 0-5 mm-potassium ferricyanide and enzyme.
Reduction of methylene blue. Activity was determined anaerobically with Thunberg tubes as described by Bach et al. (1946) . The stock assay solution contained 40 ml. of 0-IM-sodium acetate buffer, pH 5-2, 10 ml. of 0-9M-DLsodium lactate and 10 ml. of 0-5 mM-methylene blue. Enzyme (0-1-0 5 ml.), diluted to give a reduction time of 50-70 sec., was tipped from the hollow stopper into 3 ml. of this stock solution and the time for 90 % reduction of dye at 200 was estimated visually. For the control, water replaced sodium lactate. With crystalline enzyme the optimum pH for dye reduction was found to be pH 6-8 and the activity was then determined with a reaction mixture (3 ml.) containing 0-05M-sodium acetate-0-05m-sodium phosphate-HCl buffer (pH 6.8), approx. 0-3M-DL-sodium lactate, mM-EDTA, pH 6-8, 0-08 mm-methylene blue and enzyme.
Spectrophotometry and spectroscopy. A Beckman spectrophotometer, model DU, Serial no. 61753, was used throughout these studies. The wavelength scale was calibrated against the emission spectrum of a mercury-discharge lamp. Between 226-2 and 656-3 mn, the scale was within the tolerances claimed by the manufacturers (Beckman Bulletin no. 89), the greatest errors being at 576-96 mn (instrument reading, 576-4 m**) and at 491-6 m,u (instrument reading 492-0 mp). At 546-07 mZ the reading was 546-2 m,u, but the o-absorption bands of reduced heartmuscle cytochrome c (550 0 mp; Margoliash, 1954) and of reduced pyridine protohaemochromogen (557 0 mip; Lemberg & Legge, 1949 ) appeared at 549-5 and 556-5m,i respectively. In this region of the spectrum therefore the instrument may have given readings approx. 0-5 mi, low.
In view of the uncertainty, however, wavelengths are given as directly determined.
The extinctions of two solutions of acid potassium dichromate at the wavelengths of the minima and maxima (234-4 and 257-6 m,u; and 313-2 and 349-7 mi,) were found to be within 0.5 % of the values given by Gridgeman (1951) .
When only small volumes of solutions were available, plastic inserts (Martin & Morton, 1956) were used with cuvettes of 1 cm. light path to reduce the volume to 1-2 ml. All measurements other than under aerobic conditions were carried out with Thunberg-type assemblies sealed to quartz cuvettes (1 cm. light path).
Visual observations of absorption bands were made with a Sorby-Browning type microspectroscope and a Hartridge reversion spectroscope. They were calibrated with a solution of reduced heart-muscle cytochrome c (ao-band, 550-0 miy; Margoliash, 1954) .
Dialysis. This was carried out in cellulose tubing, the contents of the tubing and the diffusate being frequently stirred.
Other determinations Dry weight. Enzyme solutions were dialysed against water and then dried to constant weight in vacuo over P205 at room temperature. Otherwise, the protein was precipitated with 15% (w/v) trichloroacetic acid, and collected by centrifuging, and washed once with 5% (w/v) trichloroacetic acid and dried to constant weight in vacuo over P205 at room temperature.
Protein nitrogen. This was determined by the Kjeldahl method, the ammonium sulphate formed being estimated with Nessler reagent (see Morton, 1955 b) .
Protein. This was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , with heart-muscle cytochrome c (0 34 % iron) as the reference standard. Later comparison with crystalline cytochrome b2 (Appleby & Morton, 1954) showed that 0-76 mg. of cytochrome c and 1-00 mg. of cytochrome b2 gave the same colour, and the earlier determinations were adjusted accordingly to obtain the amount of cytochrome b2 protein. (v/v) , and after 20 min. the material was centrifuged at about 1500 g for 10 min. The precipitate contained much cytochrome c but no lactic dehydrogenase activity. Calcium phosphate gel was added to the supernatant to 25 % (v/v) , and the precipitate collected as before. The yellow supernatant contained no cytochromes or lactic dehydrogenase activity and was discarded. The pink precipitate was washed by suspending and resedimenting, first in water and then three times in 0-IM-sodium phosphate, pH 6-8, containing 0-05M-sodium lactate. The washings, which contained no cytochromes, were discarded and the precipitate was treated as previously with a solution at pH 7-2 containing 0-1 M-sodium phosphate, 0-05 M-sodium lactate and 10 % (w/v) (NH4)2SO4 . The first pink supernatant (1820 units/ml.; 545 units/mg.) contained no detectable cytochrome c but showed strong absorption bands of reduced cytochrome b2. A second eluate was less active. About 18 % of the activity of the yeast extract (40 x 104 units) was recovered in the eluates.
Fractionation with organic 8olvent8. Ethanol fractionation of extracts of yeast powder in sodium phosphate buffer at about -5°gave some purification but the fractions, dissolved in phosphate buffer, rapidly lost activity. When extracts in sodium lactate solution were similarly fractionated with either ethanol or acetone, and the precipitates were dissolved in lactate, substantial purification of the enzyme was achieved with good recovery of activity. By treatment of the dried yeast with butan-1-ol considerable amounts of lipid were extracted from the yeast, and the suspensions of the butanol-extracted yeast in 0-2 m-sodium lactate were readily clarified by centrifuging at about 3000 g for 30 min. The extracts so obtained had improved specific activity as compared with the yeast not treated with butanol. Moreover, the subsequent fractionation with acetone was considerably facilitated and gave products of very high specific activity.
Purification of lactic dehydrogena8e by use of organic solvents From the experiments described above, and after extensive further studies (Appleby, 1957) , the following purification procedure was developed.
Dried yeast powder (2 kg.) was stirred for 1 hr. at room temp. (about 180) in 7 1. of butan-l-ol. The smooth suspension was centrifuged at about 1500g for 15 min. at room temp. in a centrifuge of capacity 3-61. The butanolsaturated yeast was thoroughly dispersed in 101. of a solution at pH 5-1 containing O-lM-sodium lactate and 0-02 mm-EDTA by vigorous mechanical stirring, forming a uniform suspension at pH 6-5. Then 1 1. of butan-l-ol was added to ensure saturation with butanol. The suspension was stirred mechanically for 2 hr. at room temperature and then centrifuged at approx. 2500 g for 30 min. as before, or alternatively filtered through a thin layer of Hyflo Supercel overlying filter paper (Whatman no. 1) on a large Buchner funnel. After centrifuging, the yellow butanol supemnatant, which contained considerable amounts of phospholipid material, and the clear yellow-brown aqueous layer were separately collected. The emulsified material at the butanolwater interface and the compact viscous yeast precipitate were discarded.
The combined aqueous extracts (about 61.) were cooled to -20. Acetone at -150 was added slowly with continuous stirring (see Askonas, 1951) to 18-20% (v/v). The material was maintained at -6°for about 10 min. The flocculent precipitate was allowed to settle out for about 1 hr., during which time the temperature of the material rose to about -4°. The clear red-brown supernatant was then decanted from the brown precipitate. The supernatant (at -6°) was brought to 27-30% (v/v) with acetone at -150, and then held at -8°for 10 min. Stirring was stopped and a red precipitate was allowed to settle out for 30 min. The precipitate adhered to the stainless-steel container and the yellow supernatant, which contained a large amount of flavoprotein, was completely decanted and discarded.
The red precipitate was dispersed in about 300 ml. of a solution at pH 6-8 and at -4°containing 0-12M-sodium lactate, 0-02 mm-EDTA and acetone (25 %, v/v The precipitate was dissolved at 00 in a solution at pH 6-8 containing 0-03M-sodium pyrophosphate, O-lM-sodium lactate and 0-02 mM-EDTA. The viscous deep-red solution (40-80 ml.) so obtained was centrifuged at about 25 OOOg for 15 min. at 0°, and the grey insoluble material discarded.
At this stage, the solution usually had a specific activity of about 600 units/mg. (see Table 1 ; stage 2c) and showed intense absorption bands of reduced cytochromes (b2 and c). Separation of the two cytochromes and considerable further purification of the lactic dehydrogenase activity was achieved by crystallization of cytochrome b2 as described below, Cry8tallization of cytochrome b2 During all subsequent stages, as far as possible the enzyme solutions were maintained under anaerobic conditions by displacement of air with oxygen-free nitrogen, since it was found that prolonged dialysis under aerobic conditions caused considerable loss of activity. The enzyme solution obtained as above was dialysed anaerobically at 00 against 41. of a solution at pH 6-8 containing 0-05M-sodium lactate and 0-01 mM-EDTA. The dialysis sac was frequently inverted to ensure proper mixing of the viscous contents. This is facilitated by inclusion of a glass marble in the sac. The dialysate was renewed about every 8 hr. After dialysis for 18-24 hr. crystals were observed in the dialysis sac. Dialysis was continued for a further 12-18 hr., after which the crystals were collected by centrifuging the dialysed material at about 2500 g for 15 min. at 00. The red supernatant (containing cytochrome c) was removed and the coral-pink pellet of crystals of cytochrome b2 was washed by resuspending in 0-05M-sodium lactate-0-01 mM-EDTA, pH 6-8, at 00 and resedimenting as before. The crystals were then dissolved at 00 in the minimum amount (5-10 ml.) of 0-5M-sodium lactate-0-1 mM-EDTA, pH 6-8. The solution was centrifuged at 25 000 g for 30 min. at 00, and the water-clear coral-pink supernatant was stored anaerobically at -15°.
Recrystallization was carried out by redialysis of the enzyme solution for 4-12 hr. as already described. The crystals were collected and washed and then dissolved at 00 in 0-5M-sodium lactate-0-1 mM-EDTA, pH 6-8. The supernatant obtained after centrifuging at 25 000 g for 30 min. at 0°was stored anaerobically at -15°. Under these conditions, activity is retained for several months.
A summary of the course of purification in a typical preparation as obtained in 1953 is given in (1946) , intensity of the cytochrome b2 absorption bands is useful as an indication of activity during purification of the lactic dehydrogenase.
Activities with potassium ferricyanide, methylene blue and cytochrome c The activity with each hydrogen acceptor was measured during the preliminary studies and at several stages of the purification with organic solvents. The relative activities with potassium ferricyanide, methylene blue and heart-muscle cytochrome c remained substantially the same throughout and, as shown in Table 2 , was very similar for an extract of yeast powder in 0 15M-NaCl and for the crystalline protein. Table 2 . Activities of a yeast extract and of crystalline lactic dehydrogenase with different hydrogen acceptors A suspension (20%, w/v) of dried yeast was extracted with 0 15M-NaCl at 380 for 1 hr. and centrifuged at 100 OOOg for 1 hr. at about 5°. The activities of the clear supernatant (2-6 mg. of protein N/ml.) were determined at room temperature (18-20°) as described under Methods except that the sodium diethyl barbiturate-sodium acetate-HCl buffer of Michaelis (1931) was used with each acceptor. Activities of the crystalline enzyme were determined as described under Methods, in each case the assay system containing EDTA being used. Unless otherwise indicated, the pH values are optimum for each system used.
Lactic The enzyme was recrystallized on each occasion by dissolving the crystalline material in 0 3M-sodium lactate, pH 6-8, and dialysing anaerobically against 0 05M-sodium lactate, pH 6*8. Activities were determined with potassium ferricyanide with buffer at pH 8*0 as described under Methods. (EDTA was omitted from the dialysis fluid and the assay system.) Protein was estimated by the method of Lowry et al. (1951) The activity with potassium ferricyanide of well-washed crystals is substantially the same after recrystallization several times (Table 3) . The crystalline enzyme is somewhat unstable. Maximum activity was determined by diluting 50 ,lI. of a suspension of crystalline material (in 0-05M-sodium lactate containing 0.01 mM-EDTA, pH 6-8) into 5 ml. of de-aerated 0-5M-sodium lactate containing 0-1 mM-EDTA, pH 6-8, and rapidly determining activity at 20°at pH 8-0 as described under Methods. A similar dilution of the original enzyme sample was made in water, and protein was estimated in this diluted material by the method of Lowry et al. (1951) Instability of the enzyme is particularly apparent after repeated crystallization (see Table 3 ). The crystalline enzyme is rapidly inactivated by oxygen. A solution of oxidized enzyme was prepared by dissolving the reduced crystalline material in 0 5M-NaCl containing 0 1 mM-EDTA, pH 6-8, and exposing to air for a few minutes. The pink solution changed to brown, indicating oxidation of the cytochrome. Oxidized solutions so obtained rapidly lost activity, even if retained at -150. This loss was greater in the absence of EDTA.
DISCUSSION
With purification procedures based on those of Bach et al. (1946) (Bach et al. 1942 (Bach et al. , 1946 . Boeri, Cutolo, Luzzati & Tosi (1955) have reported similar findings. This relationship could have arisen from a failure to separate two distinct proteins. Therefore an entirely different purification procedure was developed. This led to the crystallization of cytochrome b2 (Appleby & Morton, 1954) . The intracellular localization of lactic dehydrogenase in yeast cells is not known. Attempts to extract the enzyme from fresh, frozen and thawed or from freeze-dried yeast were unsuccessful. Nossal, Keech & Morton (1956) found that much of the lactic dehydrogenase activity of baker's yeast was sedimented between 5000 and 25000 g with a particulate fraction from disrupted cells. This may indicate that the enzyme is associated with insoluble lipoprotein material, from which it is released by air-drying.
In principle, the purification method involves: (1) modification of cellular association of the enzyme by air-drying of yeast; (2) extraction of lipid material with butan-l-ol; (3) fractionation of a lactate extract of the yeast with acetone at low temperature; (4) crystallization at low ionic strength. The treatment of yeast and lactate extracts with butan-l-ol (see Morton, 1950 Morton, , 1955c is not essential to bring the enzyme into aqueous solution but it considerably facilitates subsequent purification. The acetone fractionation of the lactate extract is carried out at quite high ionic strength, whereas low ionic strength is usually found to be essential to prevent denaturation of enzymes during fractionation with organic solvents (see Askonas, 1951) . The extraction of the enzyme from a precipitate obtained with acetone (27-30 %, v/v) into 25 % (v/v) acetone-lactate (Table 1, stage 2 a) undoubtedly is a highly selective purification procedure. The solubility of the enzyme in 25 % (v/v) acetone probably depends on the higher ooncentration (0-12M) of sodium lactate in the extracting solvent, since the sodium lactate conoentration at the prior precipitation with acetone is about 0-07 M, owing to dilution of the lactate extract of the yeast with acetone.
The protection of the enzyme by its substrate during the fractionation appears to be essential. Chelation of inhibitory metals (such as copper) by EDTA, which partially protects -oainst the harmful effects of oxygen, is also valuable during purification. Boeri et al. (1955) have also used EDTA in purification and assay procedures for this enzyme.
The unusual crystallization procedure reflects the relative insolubility of the material at low ionic strength and at acid pH values. In 0-25M-sodium lactate, the enzyme is slightly soluble (4 mg./ml.) at pH 6-8 but quite insoluble at pH 5-0. Some poorly formed crystals have been obtained by dialysis at lower pH values than 6-8. However, such preparations usually contain much amorphous material and have relatively low activity. Prolonged dialysis of the crystalline enzyme also may cause formation of amorphous material and a corresponding fall in the specific activity of the enzyme. There is about a tenfold increase of specific activity on crystallization (Table 1) and this remains relatively constant during several recrystallizations (Table 3) .
When tested at the appropriate pH optima, the relative rates of reduction of potassium ferricyanide, heart-muscle cytochrome c and methylene blue remained relatively constant during purification of the lactic dehydrogenase activity (Table 2, and Appleby & Morton, 1954) . In the earlier work of Bach et al. (1946) it was found that the relative rate of reduction of cytochrome c as compared with that of methylene blue was considerably less in more purified as compared with crude preparations of the enzyme. These findings were probably due to the use of the same pH value for estimating the activity with cytochrome c and with methylene blue. The optimum pH values for reduction of these hydrogen acceptors differ considerably and change somewhat during purification (Table 2, and Appleby & Morton, 1954) . Moreover, the activity with heart-muscle cytochrome c is markedly dependent on the concentration of cytochrome c ( Table 2) . The activity of the crystalline enzyme with 0-05 mM-cytochrome c is 5870 units/mg. of protein (Table 2) . At saturation with cytochrome c and at the optimum pH with this acceptor therefore the activity would be expected to be similar to that obtained at the optimum pH and at saturation with potassium ferricyanide (7750 units/mg. of protein, Table 2 ). The activity previously reported by Appleby & Morton (1954) (1800 units/mg. of the crystalline enzyme. Yamashita et al. (1957) have obtained from yeast an enzymically inactive haemoprotein with an absorption spectrum resembling that of cyto¢hrome b2. This haemoprotein was obtained as extremely slender needle-like crystals by salting out with anumonium sulphate. The properties of the material ofYamashita et al. (1957) and oftheenzyme preparation of Boeri et al. (1955) will be compared with the properties of the crystalline cyto¢hrome b, of Appleby & Morton (1954, and this paper) in subsequent papers in this series. Morton (1958) has recently reviewed the properties of cytochrome b,. SUMMARY 1. Lactic dehydrogenase was partially purified from extracts of baker's yeast by selective heatdenaturation of proteins, salting-out and adsorption and elution from calcium phosphate gel. A close relationship between the enzymic activity and-the concentration of cytochrome b2 (Bach et al. 1946 ) was observed.
2. The cytochrome b, and lactic dehydrogenase activity were purified together by treatment of airdried yeast with butan-1-ol, fractionation of butanol-saturated extracts of yeast in sodium lactate with acetone at low temperature and crystallization by anaerobic dialysis at 00 against 0-05M-sodium lactate-0 01 mM-ethylenediaminetetra-acetate, at pH 6-8.
3. The coral-pink crystals of the flavohaemoprotein (Appleby & Morton, 1954) probably belong to a tetragonal system. The lactic dehydrogenase activities of the crystals, expressed as ,moles of hydrogen acceptor reduced/hr./mg. of protein at 200 were as follows: with 05 mm-potassium ferncyanide, 7750; with 0.05 mm-heart-muscle cytochrome c, 5870; with 0-08 mm-methylene blue, 2025. These activities are substantially greater than those described for yeast lactic dehydrogenase as purified by other workers.
